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TRANSIENT PHOTOLUMINESCENCE MEASUREMENTS ON
GaAs AND ANGaAs DOUBLE HETEROSTRUCTURES

Linda F. Halle, Steven C, Moss, and Dean C. Marvin
Electronics Technology Center, The Aerospace Corporation

P. 0. Box 92957, Los Angeles, CA 90009-2957

ABSTRACT not the minority carrier lifetime [3]. Furthermore, the minority
carrier lifetime can only be extracted from measurements of

We report a set of transient photoluminescence (TPL) this type under carefully controlled experimental conditions 131.
measurements of GaAs and AIGaAs double heterostructure
(DH) materials as a function of temperature from 10K to 300K. EXPERIMENTAL DETAILS
We also report measurements of the time-integrated
photoluminescence spectra of these samples. We observe, in The sample characteristics are listed in Table 1.
both the spectra and the TPL measurements, evidence that the These samples were fabricated by Spire Corp. The substrates
low-temperature photoluminescence kinetics are affected by were semni-insulating GaAs. On top of this was grown a IOOOA
additional paths for radiative decay that are not evident at room GaAs buffer layer and a I OOOA barrier layer of Alo.$GaoAs.
temperature, but have implications for material qualities The n-type active regions were 2 pmn thick GaAs or
measured at room temperature. Al0. 1Ga0.9As doped with Se. The top layer was a 1000A thick

layer of Al0.8Gao 2As. The energy bandgap of the barrier
INTRODUCTION layers is large enough so that no laser light is absorbed in them.

The active region is thick enough so that essentially all of the
The efficiency of solar cells is directly related to the laser light is absorbed within the active region. The laser

carrier lifetimes of the materials forming the active regions of system consists of a cavity-dumped mode-locked dye laser
the cells, such as the GaAs or AlGaAs materials studied here. synchronously pumped by the frequency-doubled output of an
A standard method for measuring the carrier lifetimes is a actively mode-locked Nd:YAG laser. We used a cavity
technique known as transient photoluminescence [(]. We have dumping rate of 400 kHz, which ensured that the 2.5 ps
extended this technique to studies as a function of temperature between pulses aras much longer than the effective carrier
over the range of 10K to 300K. We have also measured time- lifetimes. The dye laser wavelength was 590 imn. The average
integrated photo escence spectra. At high temperatures, dye laser power at this cavity dumping rate was 6 mW
we observe the broad, highly asymmetric band-to-band attenuated to 0.01 mW incident upon the sample. The laser
luminescence characteristic of these materials. At low pulses were 20 ps in duration (FWHM of intensity), were p-
temperatur (IOK-25K), the spectral scans of both the GaAs polarized, and were incident upon the samples at an angle of 27
and AIGaAs samples show two peaks. At low temperatures, degrees from normal. The laser pulse spot size on the sample
we also performed wavelengt-dependent TPL measurements. was elliptical with the major axis being 5.7 mm (FWI/eM of
Thes spectrally dependent TPL measurements allow us to intensity) and the minor axis being 4.8 mm (FWI/eM of
deduce the existence of unanticipated acceptor levels, intensity). The sample was enclosed in a temperature-
incorporated duning fabrication, that alter the photolumines- controlled cryostat that allowed access to sample temperatures
cence spectra and TPL measurements at low temperature. The from 10K to 300K (RT).
presence of these acceptor levels may affect the carrier mobility
in this material, even at room temperature, depending on their Table L. Characteristics of GaAs and AIGaAs double
density. Information regarding the density of these acceptor hete-re.
levels may be obtained from these types of measurements.

Transient photoluminescence measurements use Sample # Type of Thickness Active Layer
picosecond laser pulses to excite a sample, and the Active Layer
luminescence from the sample is measured using a form of Active Layer of Dopant
time-correlated, single-photon counting [2]. In DH materials, Layer (D i) (cmy3)
the picosecond laser pulse is absorbed near the front surface of - Gas 2ayer (pm)
the active layer. The charge carriers (electrons and holes) Sl GaAs 2 3.5x10l°
produced diffuse into the active layer and recombine through S2 GaAs 2 9.0x1010

various mechaisms, some radiative and some non-radiative. S3 GaAs 2 1.3x101•s
The radiative recombination, measured in the form of S7 Aln1an oAs 2 3.5x!0'l

,nescence isameasureoftheeffectivecarrier lifetime. We S8 Ain iGan oAs 2 9.0x10 16
have recently shown that this effective lifetime is, in general, S9 Aln IGan oAs 2 1.3xi01'



We performed two kinds of measurements. One set 1 E+05
of measurements consisted of the regular TPL measurements S3
described above. The other set of measurements consisted of 1 1E+04
measurements of time-integrated photoluminescence specta 5 1E+03 S2
obtained by scanning the monochromator through various Z
spectral regions during picosecond laser excitation of the WZ 1E+02I- $
sample. All of these measurements were performed in the Z
room-temperature, low-intensity limit, where the decay of the 1- 1E+01
band-to-b4 d luminescence was independent of excitation 1E+00
intensity [3]. Of course, as the sample temperature decreases,
so does the number of ionized donors, ND. Consequently, it 0 20 40 60 80 100120 140
may not be possible to perform TPL measurements in the low- TIME (ns)
intensity limit for all sample temperaturs.

Figure 2. Room temperature TPL measurements of GaAs
RESULTS DHs.

In order to obtain an accurate minority carrier lifetime cence rises rapidly during the absorption of the excitation pulse
measurement from the TPL technique, the excitation intensity from a background level and then decays back to the
must be such that the excited carrier concentration is much less background level with a lifetime that is characteristic of the
than the donor concentration multiplied by the ratio of minority properties of the sample. Single exponential fits to these
to majority carrier lifetimes [1]. The observed effective decays indicate initial effective lifetimes of approximately 84,
lifetimes as a function of intensity, measured at room 30, and 3 ns for these samples, as listed in Table 2. The
temperature, for samples S1 and S3 are shown in Figure 1. lifetimes expected due to band-to-band radiative recombination
The low-intensity lifetime is reached for these GaAs samples at are 143, 56, and 4 ns, respectively. If we neglect surface
fluences less than 0.1 nj/cm2 . Similarly, the low-intensity recombination and Auger recombination, the minority lifetime
limits are reached for the A1GaAs samples at fluences less than can be extracted from these measurements taken in the low-
1 nJ/cm2. For the spectral scans and TPL measurement" intensity limit by using the equation l/reff = l/%BB + 1/tp,
described below, the excitation fluence used was approximately where 'rBB = 1/BND is the band-to-band radiative lifetime (B =
0.1 nJ/cm2 . In the GaAs and AIGaAs DHs, this resulted in a 2x1W010 Om6/s) and where T is the minority carrier lifetime.
peak photogenerated carrier density of less than I x 1013/cm3. These results place lower limits on the minority carrier
Since this is more than three orders of magnitude smaller than lifetimes in samples S1, S2, and S3 of approximately 205 us,
ND, it indicates that the majority carrier lifetime is much 67 ns, and II us, respectively. Note that S3 has different decay
greater than the minority carrier lifetime. These photogener- rates at longer times, which may be due to the effects of photon
ated carrier densities are small enough to avoid the exciton recycling or of de-trapping phenomena, or could be due to the
screening and renormalization effects observed in other effects of multiple recombination centers or recombination at
picosecond measurements [4). dislocation sites. Similar effects are observed in the room-

temperature TPL measurements on the AIGaAs samples.

115 3.5
Table 2. Room-temperature lifetimes.

$105 3 - 3.105 Sample # Measured RT B-B EstimatedW 9 3.1 Lifetime Lifetime Lower Limits
(nsec) (asec) of xp (nsec)

W S1 84.2 143 205
L! 85 29 S2 30.4 55.6 67.1

S3 2.85 3.8 11.4
75 27 S7 63.6 143 114.5

0.001 0.01 0.1 1 10 S8 14.5 55.6 19.6
S9 < 0.8 3.8 < 1.0JL. (r~ - -

Figure 1. Measured RT lifetimes of GaAs DHs samples Sl and An example of a set of spectral scans for sample Sl, a
S3 as a function of incident optical fluence. GaAs DH, is shown in Figure 3. At low temperatures, the
Lifetimea(ns) for S3 correspond to scale at right. spectrum shows two peaks centered at 8185 and 8295A,

corresponding to 1.515 eV and 1.495 eV. In all of these
GaAs Double Heftreouructures measurements, the results are a convolution of the instrument

response function with the actual spectrum. The spectral
TPL memuments at room temperature are shown resolution ranged from 10-1SA at low temperatures to

for samples Sl, S2, and S3 in Figure 2. The photolumines- approxir, ately 50A at room temperature. The higher-energy
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WAVEENGT (A)Figure 4. PL spectra at 10K for SI, $2, and $3.

Figure 3. PL spectra ofrS1 for temperatures from 300K to 1I1K.
Light gray curve is 11K spectrum, while the dotted We took TPL measurements of both peaks observed
curve is the 24K spectrum, at the lowest temperatures. The TPL scan at 10K shown in

Figure 5 is for the higher-energy peak seen in Figures 3 and 4.
peak corresponds to the combined, spectrally unresolved effects Figure 6 shows the TPL measurements on both of the low-
of free-caruier (band-to-baend), free-exciton, and bound-exciton temperature bends observed in sample S1. The TPL decay of
luminescence from the sample [51. The peak 20 meV below the 1.515 eV luminescence is shown in curve (a). The initial
the bandgap corresponds to the combined, spectrally unresolved decay is below the 1.2 ns resolution of our system. However,
effects of luminescence due to conduction band-to-acceptor the TPL curve of the 1.495 eV luminescence, curve (b), decays
transitions and to donor-to-acceptor transitions [6]. The with an initial time constant of approximately 20 ns. These
relative amplitudes of the two peaks at two different incident recombination kinetics are consistent with a very fast relaxation
optical intensities are approximately equal. By 50K (not shown of holes from the valence band down into the acceptor states,
in the figure), the lower-energy transition has essentially followed by a slower decay of the band-to-ac ceptor and/or
disappeared. This temperature seems too low to cause a band- donor-to-acceptor transition. The fast decay of the higher-
toacetrtransition to disappear because kBT (0.004 meV) is energy peak also may include components due to the decay of
only one-fifth of the energy separation from the band. free and bound excitons. Consequently, the decay of the initial
However, if the transitions were from the Se donor level (6 excited carrier population at these low temperatures is
meV below the conduction band [7]) to a shallow acceptor level dominated by the relaxation of holes into the acceptor levels
(14 meV above the valence band), the transition could be and not by band-to-band or Shockley-Read-Hall recoinbination.
extinguished at 50K because most of the donors would be At the elevated temperatures at which most solar cells are
ionized. We also note that, as expected, the luminescence operated, it is unlikely that these processes will have a
peaks shown in Figure 3 shift to longer wavelengths at higher significant effect on solar cell efficiency. However, a high
temperattures. Furthermore, the peaks broaden substantially and concentration of these defects can affect the room-temperature
become highly asymmetric at higher temperatures, as expected mobility of the material.
for band-to-band transitions. Similar spectra were seen for the
GaAs samples S2 and S3 at the higher temperatures. At 11K_______________
and 24K, the two transitions are also seen in $2, but not in S3,
as shown in Figure 4. The peaks for sample $2 are shifted by ... ...
1.8 meV to higher energies relative to sample S1. This is • 0'
characterstic of samples in which conduction band-to-acceptor -••
or donor-to-accetor transitions occur. The broad unresolved Z 7
low-temperature spectrum of sample $3 may indicate the g--w

combined effects of band-gap narrowing and broadening of the • 5K
spectnmm of donor and acceptor energy levels. o. -

TPLmesreets from 300K toIOK are shown in 0
Figure 5. The effective lifetime decreases markedly with " O
temperature. At room temperature, the effective lifetime is
dominated by the band-to-band lifetime. As the temperature is
lowered, the bend-to-bend lifetime increases due to the freezing 0 20 40 60 80 100 120 140
out of carriers. However, the Shockley-Read-HaUl lifetimes T11E(ns)

* ~ may decrease with temperature and have a larger effect on the
effective lifetime at the intermediate temperatures. Surface Figure 5. TPL measurements of SI for temperatures from 300K
recombination may play an important role in the TPL response, to 10K. Calculated effective lifetimes are 84 us
Its effects would be larger at lower temperatures due to the (300K), 43 us (201K), 7.9 us (25K), and < 0.6 us
increasing value of the diffusion coefficient with declining (10K).
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Figure 6. TPL measurements associated with different peaks of 7 7600 7800 8000 8200
SI. WAVELENGTH (A)

AIGaAs Double Heterosftctures Figure 8. PL spectra of S7 for temperatures from 300K to 1 K.
Light gray curve is IlK spectrum, while the dotted

TPL measurements at room temperature are shown curve is the 24K spectrum.
for samples S7, S8, and S9 in Figure 7. Single exponential fits
to these decays indicate initial effective lifetimes of this transition in S7 is one from the Se donor level (6 meV
approximately 64 and 14 us for samples S7 and S8, below the conduction band [41) to a shallow acceptor level (14
respectively. The effective lifetime measured for S9 is less meV above the valence band). This would imply that the
than 0.8 ns, smaller than the resolution of our experimental transition could be extinguished at 50K, as is observed,
setup. The lifetimes for S7, S8, and S9 expected due to band- because most of the donors would be ionized. At 11K and 24K,
to-band radiative recombination are 143, 56, and 4 ns two transitions are also seen in S8, but not in S9, as shown in
respectively, as listed in Table 2. Again, if surface Figure 9. The relative intensity of the lower-energy peak to the
recombination and Auger recombination are neglected, a lower higher-energy peak is opposite that in the GaAs sample,
limit to the minority lifetime can be extracted from these perhaps indicating a higher density of these acceptor states.
measurements taken in the low-intensity limit. These results Again, as with the GaAs samples, the peaks of S8 are shifted to

higher energy by approximately 1.8 meV. Sample S9 shows

I E+05 the same broadening effects as does sample S3.

IE.04 _ ,*a. • $7
to 1E+03 ••.z sS:!.. --- s
m 1E+02 -. 0_Z IE+01

I E+00 z
0 20 40 60 80 100120140 .

TIME (ns)

Figure 7. RT TPL measurements on AlGaAs Ds. 7300 7500 7700
WAVELENGTH (A)

indicate that the minority carrier lifetimes in samples S7, S8,

and S9 are approximately 114 us, 20 ns, and < 1 us, Figure9. PL spectra at lOK for samples S7, S8, andS9.
respectively. As with the highly doped GaAs sample S3, the
highly doped AlGaAs sample has different decay rates at longer TPL measurements from 300K to 10K for sample S7
times, indicating the effects other phenomena as discussed are shown in Figure 10. As with the GaAs sample SI, the
above, effective lifetime decreases with temperature for reasons

An example of a set of spectral scans for sample S7, discussed above. The TPL scan at IOK shown in Figure 10 is
an AIGaAs DH, is shown in Figure 8. They show features for the higher-energy peak seen in Figures 8 and 9. Figure II
similar to the spectral scans of the GaAs sample Sl shown in shows the TPL measurements on both of the low-temperature
Figure 3. As with sample SI, at low temperatures, the bands observed in sample S7. The decay of the 1.645 eV
spectrum shows two peaks, centered at 7534A and 7628A, luminescence is shown is curve (a). The initial decay is below
corresponding to 1.645 eV and 1.625 eV. The identification of the 1.2 ns resolution of our system. The 1.625 eV
these two peaks is similar to that described above for the GaAs luminescence, curve (b), decays with an initial time constant of
samples. Again, the relative amplitudes of the two peaks at approximately 23 ns and a longer decay constant at longer
two different incident optical intensities are approximately times. These recombination kinetics are sndlar to those
equal. The reasoning applied above to Sl also suggests that described above for the GaAs samples.
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acceptor recombination. While the existence of these acceptor
levels may not be apparent from TPL measurements performed

201K at room temperature, their presence may affect room-
Ctemperature carrier lifetimes and carrier mobilities and, thus,

Z_ 7 solar ceU performance.

- This work demonstrates the extension of the TPL
zK method into low-temperature, transition-specific studies. TPL

appears to have the potential to characterize defect levels and
0 0 ^concentrations in bulk materials, information which presently is
0 obtained by deep-level transient spectroscopy on device

- structures. Information on the defects present in materials

0 20 40 60 80 100 120 140 grown at dffierent temerature and with diffe t MOCVD
precursors is essential for the selection of the optimum growth

TIME (ns) methods for high-efficiency solar cell materials.
Additional measurements on samples with different

active-layer thicknesses are in progress in order to quantify the
Figure 10. TPL measurements of S7 for temperatures from surface recombination effects. Changes in the experimental

300K to 10K. Calculated effective lifetimes are 64 apparatus are under way that will allow us to improve both the
as (300K), 26 as (201K), and < 1 us (25K and 10K). spectral and temporal resolution of our measurements. These

changes may allow us to identify the impurities and make
estimates of their densities.
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